Abstract. The feasibility of using PET for proton dose monitoring is examined here in detail. First experimental studies in a Lucite phantom have been performed at the medical TRIUMF proton beamline for proton energies of 62 MeV and 110 MeV. The proton dose delivered to the phantom ranged from 16 Gy up to 317 Gy. The induced activity was analysed 20-40 min after the irradiation with a PET scanner.
Introduction
The main advantage of proton therapy over conventional radiotherapy with x-rays or electrons is its capability to deliver dose very selectively to a defined target volume while sparing most of the surrounding healthy tissue from radiation damage. This very precise form of radiotherapy necessarily involves extremely steep dose gradients at the target boundaries, so accurate target alignment during proton therapy treatment is crucial. Hence there is a need for tools such as in vivo dose localization techniques to verify a proton treatment plan and to ensure the high quality of proton radiotherapy.
The visualization of induced activity patterns with a PET camera in radiotherapy has been described in previous papers for other radiation beams, i.e. for pion therapy (Goodman et al 1986 , Shirato et al 1989 , neutron therapy (Vynckier et al 1989 , Klerck et al 1988 and heavy-ion therapy (Enghardt et al 1992 , Tomitami et al 1993 . Recently, various groups (Vynckier et al 1993 , Paans and Schippers 1993 , Litzenberg et al 1992 have started to investigate the use of PET techniques for in vivo dose monitoring of proton dose profiles. However, these investigations conclude that far more detailed studies are needed to evaluate the final clinical usefulness of this new dosimetry concept. Our presented study aims to serve this purpose. In our study, we focus on the 'off line' analysis of PET activity profiles and its spatial correlation to dose, especially for the case of dose depth profiles. The rest of the paper is organized as follows. Section 2 describes our experimental set-up and the process of data collection and analysis. In section 3 we provide the framework of our model calculations. Our analysis of the proton induced activity profiles, their correlation to dose and the comparison to our model are described in section 4. Various sensitivities of the model, e.g. the dependence of the activity patterns on details of the proton flux, are studied. Finally, the impact of our study on the feasibility of proton dose monitoring with the help of a PET camera is discussed in section 5.
Materials and methods
A Lucite phantom was activated with 62 MeV or 110 MeV protons at the TRIUMF medical beamline 2C and then transported to a CTI/Siemens ECAT 953b PET scanner at the hospital of the University of British Columbia nearby. Scanning of the induced activity started about 20-40 min after the irradiation. Five different sets of data were taken. In the first four scans the activity signal for a dose profile of a raw Bragg peak (RBP) of 110 MeV and 62 MeV protons was recorded; in the fifth scan we analysed the activity pattern induced by a spread out Bragg peak (SOBP) of 2 cm plateau width with 62 MeV protons to compare with the activity induced by a raw Bragg peak.
Lucite was chosen as phantom material because its nuclear composition (C 5 H 8 O 2 ) together with our 'off line' scanning technique guarantees a strong and almost clean activity signal from the activation process 12 C(p, pn) 11 C. The corresponding activation cross-section is well known experimentally and clearly dominates the much smaller isotope production of 11 C and 13 N from 16 O (Landolt-Börnstein 1973) . Furthermore, our experiment is not sensitive to the strong 15 O activity signal arising from the process 16 O(p, pn) 15 O because most of the produced 15 O isotopes, with a half-life of 2.02 min, decay during the transport of the Lucite phantom to the PET scanner. The choice of Lucite as a phantom material therefore yields an activity signal whose analysis and comparison to model calculations is not afflicted by insufficient or poor data for the isotope production mechanism. Clearly Lucite cannot serve as a tissue equivalent probe; however, it can serve well to study the general mechanism of proton dose monitoring with PET techniques.
For the irradiations a proton current ranging between 0.5 nA and 5 nA was extracted from the cyclotron. The phantom, a Lucite cylinder of 19.4 cm diameter and 21.5 cm length placed 10 cm downstream from the final collimator was irradiated with a uniform lateral beam profile of 20 mm or 30 mm in diameter. The irradiation time varied between 3 and 26 min, and an estimated total dose from 16 Gy up to 317 Gy was delivered to the phantom. The proton ranges in Lucite for the two selected energies of 62 and 110 MeV are approximately 2.9 and 8.0 cm, respectively. Table 2 summarizes the irradiation parameters of our experiments, i.e., the proton energy E 0 , the proton flux , the irradiation time t R and the estimated total dose delivered to the phantom. The total activity induced in the Lucite phantom right after the beam was turned off was estimated to range between 5.9 MBq and 0.2 MBq. The estimate of the induced activity per volume only takes into account the main activation of 11 C from 12 C. More detailed information about our estimates of induced activities can be found in appendix A. After a time delay of 20-40 min, the phantom was scanned with a CTI/Siemens ECAT 953b PET scanner. This scanner analyses an axial field of view of 10.4 cm in depth so we obtain 31 lateral activity profiles, each separated by a depth of 3.375 mm. For the irradiations with 110 MeV protons we positioned the phantom so that its beam entry surface coincides with the first imaging plane of the scanner. For the activations with 62 MeV protons the phantom is shifted 1.5 cm further inside the axial field of view of the scanner so that we can monitor closely the activity build up at the phantom entrance. All scans were performed in the twodimensional (2D) data acquisition mode. This scanning mode was preferred over the also available three-dimensional (3D) data acquisition because the well established normalization and calibration procedure of the scanner in 2D mode allows a more reliable determination of absolute activities. The sensitivity of the scanner was determined to 154 000 counts s −1 (µCi ml −1 ) −1 . The overall scan time varied between 15 min and 1 h. For the first three scans, i.e. for activations with 110 MeV protons, the procedure of dynamic scanning was used in order to identify the activity contributions due to different isotopes. The scan conditions, including the time delay t trans between irradiation and scanning, are provided in table 3. 
Model calculations of the induced activity
A phenomenological model for the proton flux together with isotope production cross-section data is used to predict the proton induced activity for a homogeneous medium. In this section we describe the basic features of our model calculations. First, in subsection 3.1, we give a general description of the model including its three main components: (i) the production of positron emitting isotopes through proton irradiations, (ii) the subsequent isotope decay and (iii) the detection of the corresponding activity with a PET camera. Then, in subsection 3.2, we describe in detail our calculations of the one-dimensional (1D) activity profiles presented in section 4.
The calculation of spatial activity profiles
In the isotope production process a target volume composed of different target nuclei A Z N T is irradiated for a time t R with a beam of monoenergetic protons of energy E 0 . The probability of an activation of the nucleus A Z N T to a positron emitting isotope A Z N I is given by the isotope production cross-sections σ T I (E). The cross-sections σ T I are a function of the kinetic energy E of the protons inside the medium. Each specific activation process only occurs for energies E smaller than a certain threshold energy E T I . Usually, the relevant threshold energies for proton induced activations in tissue are of the order of 5-20 MeV, so that the range of the induced activity always will turn out to be smaller than the actual proton range in the medium. The produced activity per volume a E 0 I at a point r is proportional to the proton flux E 0 (r), the isotope production cross-section σ T I and the density ρ T (r) of target nuclei A Z N T inside the medium, i.e., a E 0 I (r) ∝ E 0 (r)ρ T (r)σ T I (E(r)). For the time dependence of the induced activity profiles a I (r, t) the loss of isotopes due to decay has to be taken into account in addition to the production rate. The decay of A Z N I into a positron e + , a neutrino ν e and a residual nucleus is characterized by its decay constant λ I . Taking into account that a specific isotope I can be produced from different target nuclei, the activity profile a E 0 I (r, t) takes the form
In (3.1) it is assumed that neither the target nuclei nor the activated isotopes are able to move within the medium, so for example blood flow effects in tissue as studied by Okunieff et al (1992) cannot be analysed with (3.1). The two different time dependences in (3.1), t t R and t t R , correspond to an observation time t during and after the irradiation process, i.e. they refer to an on line or off line monitoring technique.
So far, we have calculated the proton induced activity distribution arising from a specific positron emitting isotope A Z N I . A PET camera, however, detects the characteristic γ -ray pair emerging from the annihilation point of the emitted positron. This indirect detection technique does not allow identification of a specific isotope; i.e., a PET camera is an 'isotope blind' detector which simultaneously registers the total activity of all β + decaying isotopes. Moreover, one has to be aware that a PET camera does not locate the primary activation event. The range spectrum of the emitted positrons causes a small displacement between the location of the isotope activation and the positron annihilation. This effect, together with the spatial resolution of the PET camera itself, determines the spatial accuracy and precision of the detected activity profiles. The activity pattern obtained from a PET scan is consequently given as the sum of activity profiles (3.1), convoluted with a spatial distribution R I e + (r −r ), i.e.,
where R I e + (|r − r |) accounts for the kinetic energy spectrum of the emitted positrons and the spatial resolution of the PET camera. Finally, we generalize the result of (3.2), which was derived for a beam of monoenergetic protons, to a beam characterized by an energy spectrum ρ en (E), i.e., a P ET (r, t) = dEρ en (E)a E P ET (r, t).
( 3.3)
The activity pattern described by (3.1)-(3.3) shows a complex dependence on r and t which usually cannot be decoupled. Time independent spatial profiles of relative activity will be obtained for the special case where only one specific isotope has been activated, but, even for this simplified case, the prediction of the spatial activity distribution requires prior knowledge of various input data, e.g., data for the isotope production cross-sections σ T I . Furthermore, the prediction of the activity crucially depends on a reliable model for the proton flux E 0 (r) inside the medium. In order to simplify our calculations, we will consider next the special case of 1D depth activity profiles.
Model calculations of depth activity profiles
The study of 1D depth activity profiles simplifies the calculation of the activity pattern significantly, specifically because a phenomenological parametrization for the proton flux can be employed (Janni 1982) . This reduction of the 3D profiles in subsection 3.1 will somewhat constrain the validity of our study, e.g., we cannot account for beam divergence effects or lateral phantom inhomogeneities. However, because we are analysing induced activity patterns for a homogeneous medium, we consider the analysis of depth activity profiles as a valuable initial test of proton dose monitoring with PET techniques.
In what follows all effects that change the lateral proton flux with increasing depth z will be neglected, i.e., we assume E 0 (r) = E 0 (z). Therefore, neither the usual beam divergence nor the effect of lateral proton scattering are considered and lateral density variations in the target volume are ignored. Hence, the density of the different target nuclei is assumed to be of the form ρ T (r) = ρ T (z). With these assumptions we obtain the 1D depth activity profiles a E 0 I (z, t), a simplified version of (3.1)
In (3.4) E(z) is the average kinetic energy of a proton at a penetration depth z. This is determined in the CSDA approximation from the proton stopping power S m of the target
The evaluation of experimental induced activity profiles with the help of (3.4), (3.5) and (3.3) requires four basic sets of input data:
(i) a phenomenological parametrization of the proton flux E 0 (z) inside the target medium;
(ii) cross-section data σ T I for the relevant isotope activation processes; (iii) a parametrization of the initial energy spectrum ρ en (E) for the proton beam; and (iv) a parametrization of the spatial distribution R I e + . The parametrization of the proton flux (E(z)) we use is based on the phenomenological model given by Janni (1982) . It includes the effect of range straggling and accounts for the loss of protons due to inelastic nuclear interactions. A brief description of this model and its application for the calculation of depth activity profiles is given in appendix B.
The isotope production cross-sections σ T I were obtained from Landolt-Börnstein (1973) and are shown in figure 1. For the proton activation of Lucite (C 5 H 8 O 2 ) only the three most significant activation processes were taken into account, the dominant 11 C production through neutron knockout from 12 C and the activation of 16 O to either 11 C or 13 N. Although there is initially a considerable activation of the short-lived isotope 15 O from 16 O, we do not include this activation process in our calculation because almost all of the short-lived 15 O isotopes had already decayed before we began scanning.
The energy spectra of the initial proton beams for E 0 = 62 MeV and E 0 = 110 MeV are approximated by Gaussians, whose widths (standard deviation) σ E 0 are fitted to reproduce the depth dose profiles measured on the central beam axis in water. For the corresponding fits, we first calculate the depth dose curves for monoenergetic protons by using the model in appendix B for the proton flux and the stopping power data of Janni (1982) . The resulting raw Bragg curves are then convoluted with a Gaussian spectrum, whose width was adjusted to fit the experimental depth dose curves. The best fit for the two proton energies used are obtained with σ 62 = 0.7 MeV and σ 110 = 1.0 MeV respectively. Figure 2 shows the quality of the fit we achieve for 110 MeV protons. A comparable fit of the depth dose curve is obtained for the proton beam of 62 MeV.
The calculation of depth activity profiles also requires a parametrization of the distribution R I e+ in (3.2). R I e+ accounts for the different positron range spectra of different isotopes as well as for the spatial resolution of the PET scanner. The medium range of a positron, emerging from the decay 11 C and 13 N in Lucite is approximately 0.6 mm and 1.3 mm (Berger and Seltzer 1964) . Our PET scanner, however, has a spatial resolution of 5-6 mm full width at half maximum (FWHM). Both components, the positron range and the spatial PET resolution, are approximated by Gaussian distributions with widths of 1.0 mm and 2.8 mm respectively. The convolution of these two separate Gaussians resulted in a Gaussian spectrum for R I e + with a standard deviation of 3.0 mm.
Results and discussion

The strength of the activity signal
The strength of the proton induced activity signal is the first important measure for evaluating the feasibility of proton dose monitoring with PET techniques. In our phantom study, where the dominant activation mechanism, the neutron knockout from 12 C, is very well understood, we first analysed whether the absolute activity values derived from a simple model calculation are indeed observed in our experiment. Two quantities, the total activity induced into the phantom and the activity per volume in the entrance slice of the phantom, were chosen as reference points for this comparison.
The theoretical estimate of the induced activity only takes into account the activation of 11 C from 12 C. Under this assumption, the activity per volume induced into Lucite can be approximately described by (A.3) of appendix A, i.e.,
For our calculation of a C Luc (z = 0) in the entrance slice of the phantom we used the proton flux and the irradiation and transport times given in table 2 and table 3. The production cross-section σ CC for 62 MeV and 110 MeV protons is interpolated from the data given in Landolt-Börnstein (1973) . The total activity in a volume defined by a lateral profile F and a maximum proton range R is obtained by integrating (4.1), i.e.,
The results of our activity measurements at the beginning of the PET scan together with our estimates based on (4.1) and (4.2) are shown in table 4. The count rate for the static scan No 4 refers to the averaged count rate for the scanning time of 30 min. The dose distribution of an RBP for 110 MeV protons is used to determine the energy spectrum of the initial proton beam. We show a model calculation for a Gaussian energy spectrum, whose width σ E was fitted to σ E = 1 MeV, in comparison to our experimental data. For the phantom irradiations with 110 MeV protons the absolute activity measured and the activity per volume in the entrance slice agree fairly well with our theoretical estimates, i.e. over a wide range of activities, e.g. 0.15-2.5 MBq for the total activity, the deviations observed between experiment and calculation are within 5-7% . Even count rates as low as 3-4 counts mm −3 in the entrance slice can be predicted and measured consistently. For the irradiation with 62 MeV protons, however, the induced activities could not be reliably predicted. The discrepancies between our estimates and the measured data, shown in table 4, are −10% and +20% for the total activity and the activity per volume in the entrance slice.
Paans and Schippers (1993) observed a similar degree of discrepancy between measurement and theoretical estimate of the total activity. They used a 55 MeV proton beam to activate a melamime and a polyethyleneglycol target. Their subsequent analysis of the induced activity with a Siemens ECAT 951/31 scanner showed a total activity of 5.1 MBq and 4.1 MBq for the two targets while an activity of 6.2 MBq and 6.4 MBq was anticipated. Paans and Schippers attributed this 20-50% discrepancy between measured activity and calculation to uncertainties in their model calculation, e.g., uncertainties in the data used for the isotope production cross-section.
The model calculation in our analysis, however, is much more precise and is based on the well known 12 C(p, pn) 11 C isotope production cross-section (Landolt-Börnstein 1973), so the observed 10-20% discrepancy between predicted and measured activity can not easily be explained by uncertainties in the model calculation. It seems more likely that the observed deviations are related to the limited spatial resolution of our PET camera and the very low count rate observed for this activation. For 62 MeV protons the induced depth activity profile in Lucite only extends over a range of 3 cm. The spatial resolution of our PET camera, with an FWHM of 5-6 mm, seems to be insufficient to allow for an accurate scan of such a short activity profile at low count rates.
Dynamic scans
The induced activity in our Lucite phantom (C 5 figure 1 .
To determine the extent to which different isotopes contribute to our detected activities, we perform a set of dynamic PET scans for the analysis of our three activations with 110 MeV protons. In the dynamic scanning protocol the induced activity is recorded for 15-30 frames of 1 or 2 min (see table 3 ). The decay of the total activity signal is then fitted with a linear combination of the three exponential decays for 15 O, 13 N and 11 C by using the relative abundance of the isotopes as fit parameters. In all three of our scans no significant activity contribution from the isotopes 13 N or 15 O can be identified. For the short-lived isotope 15 O this result is expected, because the number of 15 O isotopes is reduced by a factor of at least 1000 during the transport of the phantom. The relative abundance of 13 N isotopes is also expected to be small, because the ratio of the 13 N and 11 C production cross-sections is smaller than 0.1 for almost the whole range of proton energies (see figure 1) . Considering the magnitudes of the isotope production cross-sections for 13 N and 11 C as well as their different decay constants, we expected to find an activity contribution from 13 N of approximately 10% at the end of the proton range, which was not observed.
There are two potential factors that may contribute to this discrepancy, one rooted in the location of the scan and the other in the spatial extension of the activity we seek to detect. We may fail to detect the 13 N toward the end of the proton range because the overall activity signal is weaker there due to the reduced proton flux. Note that we found a maximal activity of 6 Bq mm −3 in the corresponding lateral phantom slice at the beginning of the PET scan. Detecting the 13 N activity component maybe further complicated by the relatively short extension (3-4 mm in depth) of the 13 N activity in comparison to the broad spatial resolution of our PET scanner (5-6 mm FWHM).
In contrast to our results, Paans and Schippers (1993) were able to identify a 2% 13 N activity component when they studied the activation of polyethyleneglycol with 55 MeV protons. Surprisingly, they also report that a significant number of 13 N isotopes was found very close to the phantom entrance. Paans and Schippers attribute this part of the 13 N activity to 13 N production through the 16 O(p, 2(pn)) 13 N channel. This explanation, however, requires a significant increase of the 16 O(p, 2(pn)) 13 N cross-section with respect to the corresponding 12 C(p, pn) 11 C cross-section for proton energies around 50 MeV. This is not supported by the available cross-section data (Landolt-Börnstein 1973).
Depth activity profiles and their correlation to dose
We also compare the depth activity profiles obtained from the PET scans with our model calculation and analyse the spatial correlation between relative dose and activity. 1D depth activity profiles were obtained by integrating the activity for each lateral profile measured. As discussed in subsection 4.2 we only observed activity contributions from one specific isotope ( 11 C). The results of our model calculation, based on (3.2)-(3.4), use the proton flux model of appendix B, which takes into account the effects of energy straggling and inelastic nuclear interactions.
Activations with 110 MeV protons.
The experimental data for our studies with 110 MeV protons are compared with our model calculations in figure 3 . The induced activity profile was found to be almost constant from the phantom entrance up to a penetration depth of 6 cm in Lucite. This particular shape of the profile results from an accidental cancellation of two effects. First, the 12 C(p, pn) 11 C cross-section, which increases with decreasing proton energy down to 45 MeV (see figure 1) , tends to increase the activity up to a penetration depth of roughly 6 cm. This activity increase, however, is compensated by the decrease of proton flux in the phantom, so that the combined effect of cross-section and proton flux results in a constant activity plateau. The activity plateau and its distal decrease, consistently observed in all three activations, are well reproduced by our model calculation. The predicted activity profile was found to agree with our measured data within ±5%.
In addition to the calculated and measured activity profiles, figure 3 also shows the corresponding depth dose profile of an RBP for 110 MeV protons at TRIUMF. The depth dose curves were obtained by scaling the dose profiles measured in water to the density of Lucite. There is obviously no positive spatial correlation in depth between the induced relative activity and relative dose in figure 3 . This result, also found by Paans and Schippers (1993) , is expected because the activity and dose determining quantities, the isotope production cross-section and the proton stopping power, exhibit quite a different dependence on the proton energy. The broad continuous shape of the 12 C(p, pn) 11 C crosssection (see figure 1) clearly differs from the proton stopping power, which is strongly peaked at the end of the proton range, so the resulting profiles of activity and dose look quite different. Hence a prediction of absorbed dose based on induced activity profiles seems to be difficult.
Of special interest for our study is the question of whether the maximal proton range can be derived reliably from the induced activity pattern. Due to the energy thresholds of the isotope activation reactions the range of the activity will always turn out to be smaller than the maximal penetration depth of the protons. For our activations, the approximately 20 MeV energy threshold E T I for the 12 C(p, pn) 11 C process causes a loss in range of approximately 3.6 mm in Lucite (Janni 1982) . We observed that the distal 50% activity value is located 6-7 mm in front of the position of the Bragg peak (see figure 3) . This spatial offset between activity and dose profile is at least partially due to the spatial resolution of our PET camera (5-6 mm FWHM). A similar difference between activity and proton range of 5-6 mm was reported by Vynckier et al (1993) who analysed a phantom activation with 85 MeV protons. We therefore believe that the in vivo determination of the maximal proton range with currently available PET scanners has an uncertainty of at least 2-3 mm.
In our model calculations we also studied the sensitivity of the induced activity pattern to details of the proton flux, i.e. the sensitivity of the profile to the phenomena of inelastic nuclear interactions or energy straggling. The influence of inelastic nuclear interactions was found to be of the order of 10%. Figure 4 shows the two activity profiles where this effect is is either included or neglected. Neglecting the inelastic interactions, which mostly occur in the entrance region of the phantom, caused a slight slant of the whole profile. The effect of energy straggling on the activity profile was expected to be small and was found indeed to be of the order of 1%.
Activations with 62 MeV protons.
The activations performed with the lower-energy protons of 62 MeV show qualitatively a very similar result to the activations with 110 MeV protons. The induced activity ranges up to 3 cm depth so that only 12 lateral profiles were obtained. The comparison of our model calculations with the measured activity data is shown in figure 5 .
The analysis of this short activity profile reveals clearly the sensitivity of our Our full calculation, represented by the black dots, is compared to a study where the effect of inelastic nuclear interactions on the proton flux is neglected. Both profiles were normalized to their maximum activity value.
measurement to the spatial resolution of our PET scanner. The activity detected at the phantom entrance rises up to its maximum value at a penetration depth of 1 cm, which corresponds to a residual proton energy of approximately 45 MeV. For penetration depths greater than 1 cm the combined decrease in isotope production cross-section and proton flux then determines the distal decrease of the activity pattern. The measured activity profile and our model calculation are found to agree within ±10%. The offset in depth between the distal 50% activity value and the peak position of the dose profile is again 6-7 mm, as shown in figure 5 . In addition to analysing this activity for an RBP dose profile of 62 MeV protons, we also studied the activity pattern for an SOBP with a plateau width of 2 cm. The measured activity profile together with the prediction of our model calculation is shown in figure 6 . Both the activity and the dose profile are slightly shifted in comparison to the results of figure 5, due to the minimal thickness of the range modulator. However, the shapes of the obtained activity profiles for the RBP in figure 5 and the SOBP in figure 6 are almost identical.
This result clearly indicates that a depth dose profile cannot be uniquely determined from the proton induced activity pattern. In order to emphasize this point, we show in figure 7 the predicted activity profile for a 57 MeV RBP in comparison to our previous result for the 62 MeV SOBP. The relative activity profiles for these quite different depth dose profiles agree within ±5%, i.e., in general the induced activity profile is not uniquely correlated to a corresponding dose distribution.
Lateral localization of activity and its correlation to dose
Our study of the lateral activity deposition and its correlation to dose is not as detailed as our analysis of the depth activity profiles, e.g., no corresponding model calculations or explicit comparisons of lateral dose and activity profiles are performed. However, we analyse the lateral location of the induced activity for one activations with each of 110 MeV or 62 MeV protons. The lateral dose and activity profiles are mainly determined by the aperture of the final collimator in front of the phantom. For both irradiations a circular aperture is used.
The analysis of the lateral dose profiles shows that for our experimental set-up the 50% isodose level is approximately located at the position of the collimator edge projected into the considered lateral plane. No significant beam divergence is observed, so the aperture radius of the final collimator approximately defines the 50% isodose level for all lateral planes. For each image plane we define a region of interest (ROI) whose boundaries are determined by the 50% isoactivity contour. The area of this ROI was then used to define the radius R 50 of an area equivalent circular ROI. This radius R 50 , characterizing the 50% isoactivity level, was compared to the radius of the 50% isodose contour.
The results of this comparison for each plane of activity are shown in figure 8. For Figure 6 . Relative depth dose and depth activity activity profiles obtained for an SOBP of 2 cm plateau width with 62 MeV protons. The range of both profiles is shifted by 3 mm towards the phantom entrance due to the special design of the range modulator used.
both activations, the one with 110 MeV protons and an aperture of 15 mm radius and the one with 62 MeV and an aperture of 10 mm radius, the 50% activity and dose contours are found to agree within ±1.5 mm.
Summary and conclusions
Proton dose monitoring with PET techniques and its application in proton radiotherapy are still under investigation (Vynckier et al 1993 , Paans and Schippers 1993 , Litzenberg et al 1992 , Oelfke et al 1994 . In order to evaluate this new concept of in vivo dosimetry, we studied the activation of a Lucite phantom with 110 MeV and 62 MeV protons. The induced activity profiles, measured with a CTI/Siemens ECAT 953b PET scanner, were first compared to a model calculation. Then the correlation between induced activity profiles and absorbed dose were studied in detail. First, we analysed the strength of the induced activity and its detectability with our PET camera. For both proton energies, there was good agreement between our model calculation and the induced average count rates ranging from 3-5 Bq mm −3 to 60-100 Bq mm −3 . The average induced activity after a typical proton therapy treatment is expected to be of the order of 20-50 Bq mm −3 , e.g. Vynckier et al (1993) reported an average activity of 40 Bq mm
for the delivery of a 3 Gy fraction with 85 MeV protons. Our study indicates that an activity signal of this strength can be reliably detected with currently available PET cameras. This however, would require that the PET scanner is located close to the proton therapy facility (Vynckier et al 1993) .
The lateral localization of absorbed dose by the detection of the induced activity seems to be limited only by the spatial resolution of the PET scanner. In our study the 50% isodose and 50% isoactivity contour were found to coincide within a margin of ±1.5 mm.
Depth activity profiles for both proton energies of 110 MeV and 62 MeV could be measured in good agreement with our model calculation, i.e., the observed deviations were of the order of 5-10%. The sensitivity of our calculation to details of the model used for the proton flux was also analysed. The effect of energy straggling was found to be negleglible (1-2%); however, the inclusion of inelastic nuclear interactions, at least at higher proton energies, can significantly change the observed activity profiles.
The correlation between depth dose profiles and the corresponding depth activity profiles is usually poor, e.g. in our study the distal 50% activity value was found to be located 6-7 mm in front of the dose peak for an RBP. The loss in activity range is caused by the specific energy thresholds of the isotope production process and the limited spatial resolution of the PET camera, but even for a PET camera with ideal spatial resolution, the dose profile will usually extend up to 3-4 mm further in depth. Furthermore, the shape of the induced activity profile does usually not allow derivation of the corresponding depth dose curve. For example, we demonstrated that the relative activity profiles for an RBP of 57 MeV and an SOBP of 2 cm plateau width are almost identical. the effective 50% isoactivity radius R 50 , i.e. the radius which on average defines the 50% isoactivity contour, for each lateral plane in PET scan No 2. R 50 is almost constant over the whole range of penetration depths and agrees with the corresponding isodose contour of approximately 15 mm within ±1.5 mm. (b) The lateral activity distribution for the activation of Lucite with 62 MeV protons: the effective 50% isoactivity radius R 50 , i.e. the radius which on average defines the 50% isoactivity contour, for each lateral plane in PET scan No 4. R 50 is almost constant over the whole range of penetration depths and agrees with the corresponding isodose contour of approximately 10 mm within ±1 mm.
A good spatial correlation between depth dose and depth activity can only be expected if the activation cross-section varies with proton energy similar to the proton stopping power, i.e., for a cross-section with a pronounced peak close to the maximum proton range. The dominant cross-sections for the proton activation of tissue, the neutron knockout reactions from 12 C and 16 O, however, do not show such a structure. The verification of depth dose profiles with PET techniques will therefore be limited to a comparison between the measured activity and an activity profile derived from a model calculation.
Although our analysis of the prospect of proton dose monitoring with PET techniques is positive in general, we want to emphasize that our results refer to an idealized phantom study. For the verification of a patient treatment, several complicating factors have to be considered in addition. First, the nuclear composition of the irradiated tissue (including inhomogeneities) is usually not well known, so that the prediction of the induced activity may be quite difficult. Furthermore, most of the activity in tissue will arise from the activation of oxygen, which to some extent is dissolved within the patient's blood stream. The blood flow may therefore dislocate the original activity and severly disturb the anticipated activity pattern.
Appendix B. The proton flux model and its application in activity calculations
For the calculation of depth activity profiles, as described in section 3, we use a phenomenological parametrization of the proton flux inside the target medium, which is based on the work of Janni (1982) . The model considers the depth variation of the flux for a monoenergetic proton beam of energy E 0 inside a homogeneous medium. All lateral effects, e.g. lateral displacements from multiple Coulomb scattering or beam divergence effects, are neglected. We first briefly describe the three main components of the flux model, i.e., the reduction of the proton velocity through elastic collisions with atomic electrons, the absorption of protons through inelastic nuclear interactions and the effect of energy straggling.
(i) Elastic collisions. Elastic proton-atom collisions and inelastic proton nuclear processes are the two fundamental reactions responsible for the decrease in proton flux with increasing penetration depth. The most important part, the loss of kinetic energy due to elastic collisions, is parametrized in terms of the collisional stopping power S m of the medium, i.e., (ii) Inelastic nuclear collisions. The inelastic nuclear processes are assumed to be totally absorptive, i.e. for each inelastic proton nucleus collision a proton will be lost from the proton fluence. The respective decrease of E 0 (z) becomes more significant with increasing proton energy E 0 and is determined by the probability P abs (E) that a proton experiences an inelastic nuclear collision throughout its entire stopping process in the target volume. The relative change r E 0 abs of E 0 (z) due to inelastic collisions can be easily shown to depend on P abs as r E 0 abs (z) = [1 − P abs (E 0 )]/[1 − P abs (E(z))].
(B.4) (iii) Energy straggling. So far, the actual energy spectrum resulting from statistical effects in the proton energy loss has not been taken into account. An initially monoenergetic beam of protons acquires an increasing energy spread while passing through the target medium. This energy straggling can be accounted for by introducing a spectrum F E 0 s (z − z) of penetration depths z centred around the average penetration depth of the proton ensemble. The effect of F E 0 s (z − z) on the activity profiles is expected to be small, so a Gaussian approximation of the actual spectrum seems to be reasonable, i.e., The width σ E 0 (z) decreases with increasing average penetration depth z and is determined by the variance σ s (E) for total pathlength straggling, i.e, σ E 0 (z) = σ 2 s (E 0 ) − σ 2 s (E(z)) (B.6) as defined by Janni (1982) .
The combination of the three effects, (i)-(iii), yields the following relation for the proton flux inside a homogeneous medium, provided that any lateral changes in proton flux can be neglected:
The phenomenological parametrization of the stopping power S m , the probability of an inelastic nuclear interaction P abs , and the straggling distribution F E 0 s for various target materials can be found in the work of Janni (1982) .
The application of (B.7) for the calculation of depth activity profiles (3.4) yields the following result for a (B.8)
The activity profiles in (B.8) can no longer be calculated as a simple product of the proton flux and the activation cross section σ T I because we have explicitly included the effect of energy straggling in our flux model. However, in practice the variation of σ T I over the effective energy spread of the straggling distribution is extremely small, so (B.8) is well approximated by which is our result given in (3.4), where E 0 (z) is calculated according to (B.7).
